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Abstract
When an electron beam travels through space, it spreads out over time which impedes the
ability to work with short electron pulses in the lab. A Wien filter is a device consisting of
perpendicular electric and magnetic fields which filters charged particles based on their velocities.
For a specific velocity, the two forces from the two fields in the filter cancel each other out letting
charges with that velocity travel straight through the filter. Charges moving at other speeds are
deflected as they have a net force applied to them from the filter. If a particle is deflected from the
center line of the Wien filter, the charge will change its velocity due to the work done on it from
the filter’s electric field. This can have the effect of focusing charges of different initial velocities
at a focus point, and has the property that charges of different initial velocities take the same
amount of time to reach the focus some distance away from the entrance of the filter. This project
concerns the design of a Wien filter which will be designed, built, and tested to act as a dispersion
compensator. The goal of this project is to show that the filter will lessen the natural spread of an
electron pulse as it travels through space when compared to a pulse that is not acted on by the
Wien filter.
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[1]. Introduction
Many modern experiments require the use of particle beams which are directed from a
source to a target. Because of the uncertainty principle, as well as the uncertainty due to thermal
energy in any electron source, a group of electrons will always have some uncertainty in their
energy. In a beam of electrons, this energy uncertainty leads to an uncertainty in the individual
electron velocities which causes the beam to disperse as it travels through space. Many
experiments require or would benefit from short-pulsed electron beams, as a higher temporal
resolution can be achieved as the width of the electron pulse in time decreases. Short-pulsed
electron beams could ultimately be used to initialize femto-second to pico-second reactions (Ref.
[7.1]), as well as to produce quantum degenerate electron beams (Ref. [7.2]), in addition to a
multitude of other experiments. This thesis details one method of reducing the dispersion of an
electron beam with the hopes it could develop into a reliable method to produce these short-pulsed
beams for use in other experiments. To accomplish this goal of compensating for the natural
dispersion of an electron beam, a modified Wien filter is used with the aim of proving the efficacy
of this electron dispersion compensator design. This thesis will discuss the theory and modeling
of the dispersion compensator design, as well as the current status of the ongoing experiment.
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[2]. Theory
A Wien filter is a device which uses electric and magnetic fields perpendicular to each
other, as well as to the beam trajectory to filter a beam of charged particles. This allows for
selection of charged particles with a particular velocity and energy while particles with differing
velocities and energies are deflected away. The force on a charged particle in a Wien filter is given
by the Lorentz force,
⃑⃑ ,
𝐹⃑ = 𝑞𝐸⃑⃑ + 𝑞𝑣⃑ × 𝐵

(1)

where F is the force on the particle, q is its charge, v is the velocity of the particle, E is the strength
of the electric field, and B is the strength of the magnetic field. Using the Lorentz equation, the
central velocity of the Wien filter can be calculated using the condition that F will be equal to zero
for this velocity. This results in the equation

𝑣=

𝐸
,
𝐵

(2)

which allows for tuning of the Wien filter so that any desired velocity will pass through unaffected.

Figure 1. The typical function of a Wien filter as a velocity/energy discriminator is shown.
Electrons entering the Wien filter with the proper central velocity, Vc , are able to pass through
in a straight line as the force from the electric and magnetic fields cancel. Particles with
velocities differing from this central velocity experience a net force away from this center line
allowing for the velocity of particles to be selected via tuning of the E and B fields.
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The most common uses of a Wien filter are as a mass spectrometer or monochromator (Ref.
[7.3]). For these uses, only the particles with the central velocity are important, as the charges with
differing velocities are deflected and absorbed. For this experiment, a novel function of a Wien
filter is used (Ref. [7.4]) with the filter acting as a dispersion compensator, meaning electrons with
varied velocities are allowed to pass through the filter and will be focused both in time and space
due to the forces occurring within the Wien filter.
To model the trajectories of electrons within an ideal Wien filter consisting of uniform
electric and magnetic fields, the following equation given by Newton’s second law is solved,
⃑⃑ .
𝑚𝑟⃑̈ = 𝑞𝐸⃑⃑ + 𝑞𝑣⃑ × 𝐵

(3)

Assuming the electric field is in the x direction, the magnetic field is in the y direction, and the
electrons begin traveling in the z direction with velocity v0, equation 3 can be broken down to
𝑚𝑥̈ = 𝑞𝐸 − 𝑞𝐵𝑧̇ ,

(4)

𝑚𝑦̈ = 0,

(5)

𝑚𝑧̈ = 𝑞𝐵𝑥̇ .

(6)

This system of equations then yields the solutions

𝑥(𝑡) =

𝑣0 𝐵𝑚 − 𝐸𝑚
𝑞𝐵𝑡
) − 1],
[cos (
2
𝑞𝐵
𝑚
𝑦(𝑡) = 0,

𝑧(𝑡) = 𝑣0 𝑡 +

𝑣0 𝐵𝑚 − 𝐸𝑚
𝑞𝐵𝑡
𝐸 − 𝑣0 𝐵
)+
sin (
𝑡.
2
𝑞𝐵
𝑚
𝐵
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(7)

(8)

(9)

Figure 2. A plot of electrons traveling through an ideal Wien filter with E=250 V/m and B=1.3
gauss. The electrons vary in energy from 9.5-10.5 eV with the center energy of the Wien filter
corresponding to 10 eV. The electrons travel from the bottom to the top of the plot and focus
in space and time at the point marked by the red dot 270 ns after they are emitted. From left to
right the trajectories correspond to electrons with energies 9.5, 9.75, 10, 10.25, and 10.5 eV.
Figure 2 shows the trajectories of electrons traveling though the idealized Wien filter with
a center energy of 10 eV. All of the electrons with energies differing from 10 eV initially diverge
from the central path, but are eventually focused back to a single point in time and space due to
the properties of the Wien filter. The time of flight of the electrons is found using equations 7 and
9 which show the electrons will all focus at the same time when cosine equals one and sine equals
zero. Therefore, setting the argument of sine or cosine in equations 7 or 9 equal to 2𝜋 yield the
focus time given by

𝑡𝐹𝑜𝑐𝑢𝑠 =

2𝜋𝑚
.
𝑞𝐵
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(10)

Because electrons with velocities equal to the central velocity of the Wien filter travel in straight
trajectories, the focus distance from the starting point can be found as the focus time multiplied by
the central velocity giving
𝑧𝐹𝑜𝑐𝑢𝑠 =

2𝜋𝑚𝑣0
.
𝑞𝐵
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(11)

[3]. Modeling

Figure 3. 3D rendering of the dispersion compensator (Ref. [7.8]). White parts are made of
aluminum, while orange parts are made of the insulating material Ultem. Labeled parts: A)
Tungsten Tip Holder, B) Aperture, C) Capacitor Plates, D) Grounded Side Plates, E) Ultem
Insulator, F) Slots for Helmholtz Coils.
To design the Wien filter used in this experiment, the program SIMION was used. This
program allows for simulation of both electric and magnetic fields, as well as allowing for
calculation of particle trajectories as they experience forces from these fields. The constraints
placed on the Wien filter from the vacuum chamber used in this experiment meant that the filter
was 20 in. (508 mm) long and was required to fit within a cylinder with a 23/8 in. (60.8 mm)
diameter.
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[3.1]. Electron Dispersion
The mean energy of the electrons flown through the Wien filter was chosen to be 10 eV
based on the predicted 13.5 ns dispersion time for 10 eV electrons emitted from a tungsten tip.
This dispersion time is easily measurable using a channeltron allowing for the effect of the Wien
filter to be readily measured. This dispersion time was calculated both analytically, as well as in
SIMION to ensure that a proper answer was found. The kinetic energy formula,

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =

1
𝑚𝑣 2 ,
2

(12)

can be solved for the velocity, v, giving
(13)

2𝐸
𝑣=√ .
𝑚

Because we know there is uncertainty in the energy, denoted as ∆𝐸, equation 13 can then become
(14)

∆𝐸
√2 (𝐸 ± 2 )
𝑣=
.
𝑚
To find the dispersion time, the time of flight for the slowest electrons with energy 𝐸 −
subtracted from the time of flight for the fastest electrons of energy 𝐸 +

∆𝑡 =

𝑑
∆𝐸
√2 (𝐸 ± 2 )
𝑚

−

𝑑
∆𝐸
√2 (𝐸 ± 2 )
𝑚

,

∆𝐸
2

∆𝐸
2

can be

. This leads to
(15)

with d equal to the distance traveled by the electrons. The two fractions can now be combined into
one fraction with a single denominator giving
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∆𝑡 = 𝑑√𝑚 (

√2𝐸 + ∆𝐸 − √2𝐸 − ∆𝐸
√4𝐸 2 − (∆𝐸)2

).

(16)

In order to make use of the Taylor approximation
√1 + 𝑥 ≈ 1 +
the quantity

√2𝐸
√2𝐸

𝑓𝑥𝑓
,
2

(17)

is multiplied to equation 16 giving

∆𝐸
∆𝐸
𝑚 √1 + 2𝐸 − √1 − 2𝐸
∆𝑡 = 𝑑√
.
2
2𝐸
∆𝐸
√1 − ( )
(
)
2𝐸
Equation 17 can now be used giving
𝑚
∆𝑡 = 𝑑√ (
2𝐸

∆𝐸
2𝐸
).
1 ∆𝐸 2
1 − 2 (2𝐸 )

(18)

(19)

1 ∆𝐸 2

Finally, it can be assumed that 1 − 2 (2𝐸 ) ≈ 1 due to the assumption made when using equation
17, and so the final equation for the dispersion time is

∆𝑡 = 𝑑∆𝐸√

𝑚
.
(2𝐸)3

(20)

Figure 4. Dispersion time data for ∆𝐸 = 1 𝑒𝑉. The MATLAB data represents the results of the
approximated ∆𝑡 given in equation 20, while the SIMION data is directly from the program.
Both data sets closely match each other in terms of dispersion for a given energy.
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The second method of calculating the dispersion time was to simulate electrons flying
without any external B or E fields directly in SIMION. Using ∆𝐸 = 1 eV for laser induced electron
emission from a tungsten tip, the time of flight and dispersion time was found. As shown in Figure
4, both methods of calculation closely agree. 10 eV electrons were chosen for use in this
experiment as they offer enough dispersion so that the Wien filter’s effects on the dispersion time
will be measured more easily while still having enough energy to not be majorly affected by any
background fields which are not completely canceled away.
[3.2] Electric Fields

Figure 5. A potential array showing 3 electrode geometries for the Wien filter. Each point in
the potential array can be set as either an electrode or non-electrode point. SIMION then solves
the Laplace equation for each electrode individually and sums the potential at each nonelectrode point in the array to find the overall potential for the total electrode geometry.
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To calculate an electric field, SIMION allows the user to define the geometry of electrodes
in a potential array as exemplified in Figure 5. Using this electrode data, the electric field is solved
using the Laplace equation for each individual electrode assuming the electrode’s potential is 1 V
and the potential is zero at infinity. Because the total potential for the electrode geometry is equal
to the sum of the potentials for each individual electrode, the potentials for each electrode are
simply scaled to their true potential value before then being summed to give the potential for any
geometry (Ref. [7.5]). From this point, the electric field, E, is then found using the potential, V,
via the equation
𝐸⃑⃑ = −∇𝑉.

(21)

Figure 6. Plot of the relative strengths of the E and B fields in the Wien filter compared to the
predicted fields from equations 2 and 11. The electric field weakens at the ends of the Wien
filter, while the magnetic field increases in strength due to the geometry of the rectangular
Helmholtz coils used. This mismatch of the fields leads to some focusing problems when
compared to the ideal case of section [2].
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The exact design of the Wien filter for this experiment shown in figure 3 uses parallel plate
capacitors of length 508 mm which carry a potential of +/- 4 V. This potential was chosen based
on equations 2 and 11 which predicted electric and magnetic fields of 247.6 V/m and 1.32 gauss.
The true electric field from these parallel plates deviated somewhat from the uniform fields of
section [2], especially at either end of the Wien filter, which can be seen in figure 6. Because of
these deviations, the exact value of the potential placed on the parallel palates was initially tuned
to be equal to the predicted value at the center of the chamber and was later readjusted to minimize
the dispersion time within the compensator. This process will be further discussed in section [3.4].
The other important dimension of the Wien filter’s design was the distance between the two
parallel plates. To maximize the uniformity of the E field, it was decided that the parallel plates
should be as wide as possible to move any fringe fields far from the trajectories of the electrons.
However, the plates needed a gap in between them in which the electrons would fly. Simulations
showed this gap needed to be separated by 30 mm in order to not impede the flight of electrons,
and so the dimensions of the parallel plates became 54 mm wide, as this was the maximum width
which would fit the size constraints imposed on the compensator.
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[3.3]. Magnetic Fields

Figure 7. Picture of Wien filter including Helmholtz coils (Ref. [7.9]). Each coil is made of 6 loops
of wire connected via the wires running off the left hand side of the picture. The inner cylinder
surrounding the Wien filter is aluminum, while the outer cylinder is made of mu-metal, an alloy
with high magnetic permeability designed to reduce the effects of external magnetic fields.
To produce the magnetic fields for the Wien filter, a pair of rectangular Helmholtz coils is
used. These coils offer more flexibility to control the strength of the magnetic fields when
compared to permanent magnets, and also allow the field to be easily turned off so that the
dispersion time of the electrons can be measured with and without the compensating effects.
Modeling of the magnetic fields, similar to electric fields, were also simulated in SIMION,
although unlike the electric fields, SIMION has two methods of simulation for these magnetic
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fields. The first method of simulation is with scalar magnetic potentials. This mode of simulation
is nearly equivalent to the electric field method presented in section [3.2]. While SIMION has
more support for this method, the simulation of magnetic coils produced from free current densities
with magnetic scalar potentials is troublesome, and so the second method using the Biot-Savart
law was used for simulation. For a wire carrying current I, the Biot-Savart law states that

⃑⃑ (𝑟) =
𝐵

⃑⃑⃑⃑ × 𝑟̂ ′
𝜇0
𝐼𝑑𝑙
∫
.
4𝜋 𝑤𝑖𝑟𝑒 |𝑟⃑′|2

(22)

Using the Biot-Savart law, SIMION is able to calculate the magnetic field of a straight wire
segment anywhere within the Wien filter. To make a single coil, 4 wire segments are simply placed
in a rectangular configuration and the magnetic fields of each wire segment are summed. The coils,
pictured in figure 7, are each 6 loops around the Wien filter with dimensions 508 mm in length,
54 mm tall and are separated by 30 mm. The coils have a thickness of 3 mm due to the thickness
of the wire. Each coil is made of 6 loops of wire to limit the current and radiated power coming
off of the wires. Because the Wien filter is inside a vacuum chamber, the wires cannot regulate
their temperature via convection, and so multiple loops of wire in each coil are favorable over a
single coil with six times the current.

Figure 8. Diagrams relating to the solutions of the Biot-Savart law shown in equations 23 and
24. The left diagram represents a single wire segment which is the basic unit SIMION uses to
find magnetic fields. The right diagram represents the Helmholtz coils modeled as a
superposition of multiple wire segments.
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As mentioned in section [3.2], the magnetic field necessary for uniform fields is 1.32 gauss.
To find the current necessary to produce this 1.32 gauss at the center of the field, equation 22 was
solved by hand. For the wire segment pictured on the left hand side of figure 8, the Biot-Savart
law becomes

𝐵𝑥 =

𝜇0 𝐼
(sin(𝜃2 ) − sin (𝜃1 )).
2𝜋𝑅

(23)

Equation 23 can then be used multiple times to build each side of the rectangular Helmholtz coils
yielding

𝜇0 𝐼
𝑎𝑏
1
1
𝐵𝑥 =
( 2
+ 2
),
𝑎
𝑏
2𝜋 𝑎2 𝑏 2
2
2
+
ℎ
+
ℎ
2
√ + +ℎ
4
4
4
4

(24)

the magnetic field at the center of the coils (Ref. [7.6]). Setting Bx to 1.32 gauss, and a, b, h to the
dimensions of the coils results in a current of 5.88 A-turns, or 0.98 A flowing through each of the
6 loops making up the Helmholtz coils.
[3.4]. Tuning the Wien Filter Parameters & Perfecting Simulation Design

Figure 9. Trajectories of electrons flying from right to left in Wien filter with V=+/-4 V, and
I=0.98 A. The electron energy varies from 9.5-10.5 eV resulting in a dispersion time of 3.5 ns
compared to 13.5 ns when the compensator is off. The overall “S” shape of the trajectories is
due to the imbalance in the ratio of the B and E field strengths at the beginning and end of the
Wien filter as shown in figure 6. At the beginning and end of the Wien filter, the B field strength
is greater than needed in proportion to the E field causing the trajectories to bend downward
leading to the overall asymmetric shape.
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While sections [3.2] and [3.3] give decent approximate values for the voltage and current
necessary to operate the Wien filter as a dispersion compensator, the parameters must be tuned to
account for the variations of the fields shown in figure 6 from the uniform fields discussed in
section [2]. Figure 9 shows the trajectories of electrons flying though the Wien filter given the
starting potential and current parameters. The “S” shape of the trajectories is due to the imbalance
in the fields at the beginning and end of the Wien filter leading to the trajectories being curved
downward at the ends of the filter. To tune these values, the voltage on the parallel plates was
slightly tuned while keeping the current constant with the goal of minimizing the dispersion time.
Once a minimum was found, the current was then tuned via the same process with the voltage held
at its new value. These steps were repeated until the minimum dispersion time of 0.78 ns was
found with the potential and current values being 4.05 V, 1.039 A.

Figure 10. Trajectories of electrons flying from right to left in Wien filter with V=+/-4.05 V,
and I=1.039 A. The dispersion time is 0.78 ns. The channeltron detector has been added to the
simulation shown on the left.
To further increase the realism of the simulation in reflecting the true experiment, three
additional aspects of the model were considered. First, a simplified version of the channeltron
detector was modeled with additional electrodes added to the end of the filter. A grounded
cylindrical tube 25.4 mm in length and 10 mm in width was added representing the detector, while
the bottom of this tube was modeled as a disk set to 1800 V, as this is the approximate potential
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placed on the back of the channeltron. The addition of the simplified detector in SIMION had little
effect on the dispersion time which remained at 0.78 ns. The detector did, however, alter the
trajectories of the electrons as seen in figure 10 with the electrons all curving due to the force
resulting from the electric and magnetic fields no longer canceling each other within the detector.

0-micron

10-micron

50-micron

100-micron

200-micron
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Figure 11. Trajectories of electrons flying through various aperture sizes, as well as table of
dispersion times for each aperture size. For each aperture, the tungsten tip was placed 2 mm
from the aperture.
The second addition to the simulation was an aperture with a variable diameter which was
used to determine the proper size needed in the experiment. While a larger aperture allows for
increased electron counts, it also increases the dispersion time, as the electrons are allowed to have
a larger range of initial velocities as they enter the Wien filter. Because of this tradeoff exemplified
in figure 11, a 50-micron aperture was selected with the tip being spaced 2 mm from this aperture.
This combination was chosen due to the trajectories remaining similar to the infinitely small
aperture ideal case, as well as the fact that the dispersion time remained small at approximately 2
ns.

Figure 12. Trajectories of electrons flying through 50-micron aperture with compensating
coils added to right hand side of compensator. The dispersion time decreased from 1.97 ns to
1.47 ns, and the trajectories became straighter compared to the trajectories seen in figure 11.
The final change made in the simulation was the addition of small compensating coils
placed at the beginning of the Helmholtz coils. These compensating coils would have current
running in the opposite direction to the current in the main Helmholtz coils, with the aim of
decreasing the magnetic field at the front of the compensator where it is currently too strong as
shown in figure 6. To model these coils, wire segments were added to the SIMION design spaced
1 mm from the ends of the Helmholtz coils. It was determined via the previously mentioned
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dispersion time minimization process that a current of 2.087 A-turns minimized the dispersion
time for a 50-micron aperture with the time decreasing from 1.97 ns to 1.47 ns. The trajectory of
the electrons in the Wien filter also become much straighter with the addition of the compensating
coils, as the ratio of the B and E fields was more in line with equation 2 across the entire
compensator when compared to the design lacking the compensating coils. The addition of these
three elements to the simulation represent the current iteration of the Wien filter design which was
fabricated for use in the experiment.
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[4]. Experimental Apparatus
[4.1] Laser System

Figure 13. The Mira 900 laser used to generate electrons when focused on a tungsten tip. It is
a mode locked titanium sapphire laser which emits 800 nm wavelength light with a repetition
rate of 76 MHz, an average power of 650 mW, a pulse duration of 130 fs, and a pulse energy
of 8.5 nJ (Ref. [7.7],[7.9]).
While the apparatus assembled for this experiment centers around the Wien filter, many
other components are also essential for the dispersion compensator to work properly. The
experiment begins with the laser which is used to produce the electrons used in the Wien filter.
The laser used in this experiment is the Mira 900, a mode locked titanium sapphire laser which
emits 800 nm wavelength photons (Ref. [7.7]). The laser allows for femtosecond pulses to be made
with a repetition rate of 76 MHz and a power of approximately 650 mW. Because the rep. rate of
the laser is 76 MHz, a femtosecond pulse is emitted approximately every 13 ns. This pulse of light
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travels along the path shown in figure 14 where it is split into two beams using a glass slide. The
main beam of the laser follows the red path into the vacuum chamber where it is focused onto the
tungsten tip. Along this red path are two apertures used to align the beam with the use of a small
green laser which does not require eye protection due to its limited power. The red path also passes
through a half-wave plate which controls the polarization of the beam. Because electron emission
from a tungsten tip is highly polarization dependent, this half-wave plate can be used to control
the electron count rate when necessary. The second beam which splits from the main beam
represented by the yellow path instead travels to a photodiode which is used in the measurement
of the time of flight of the electrons.

Figure 14. The beam path of the laser photons as they travel from the laser into the vacuum
chamber. Along the way the beam is split with part of the beam being used in the timing of the
electrons. (Ref. [7.9]).

20

[4.2]. Focusing on Tungsten Tip

Figure 15. The inside of the vacuum chamber viewed through the window which allows the laser
to pass. The laser reflects off a spherical mirror focusing on the tungsten tip. The laser in the
photo has passed through a doubling crystal transforming into 400 nm visible light. (Ref. [7.9]).
Once the laser enters the vacuum chamber though the window, it reflects off a circular
mirror. This focuses the laser onto the tungsten tip allowing for electron emission to occur. As
shown in figure 3, the tungsten tip will be attached to the Wien filter prior to entering the vacuum
chamber. This allows for more accurate alignment of the tip and aperture, as they can be aligned
under a microscope where they are fixed in place. While this process allows for alignment of the
tip and aperture, it means the laser must be focused on an unmoving tip. Because of this, the
circular mirror is attached to a linear motion feedthrough which is mounted to the vacuum chamber
on a bellows. Using this linear motion feedthrough and bellows, the laser’s focus can be moved
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onto the end of the tungsten tip allowing for electron emission without movement of the tungsten
tip.
[4.3]. Measuring the Dispersion Time

Figure 16. The equipment used to measure the time of flight of the electrons, as well as to
control the voltage of various components in the system. (Ref. [7.9]).
After electrons are emitted from the tungsten tip and travel through the Wien filter, they
enter the channeltron which can be seen, along with its reflections, in figure 7. This channeltron
then outputs a pulse. This pulse enters a discriminator and amplifier which separates true signals
from background noise and outputs a square wave pulse. The signal from the photodiode
mentioned in section [4.1] is also discriminated and amplified resulting in two pulses offset by the
time of flight of the electron. These two pulses then enter a time to amplitude converter (TAC)
which measures the time between the start pulse from the photodiode and the end pulse from the
channeltron. This time is converted to a voltage with the magnitude of the voltage representing the
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time between the start and stop signal entering the TAC. Because the rep. rate of the laser leads to
a signal every ~13 ns, the starting signal from the photodiode comes every 13 ns. Therefore, the
TAC signal represents the time of flight modulus 13 ns, plus a random integer multiple of 13 ns,
instead of the true time of flight. Finally, a histogram is made using the TAC signal as shown in
figure 17. Because the dispersion time of 10 eV electrons is approximately 13 ns when the Wien
filter is off, the TAC histogram should transform from a flat line to a histogram with peaks when
the Wien filter is activated showing that the Wien filter is capable of decreasing the dispersion of
the electron beam.

Figure 17. Predicted TAC histogram showing what the shape of the signal from 10 eV electrons
should look like with and without the Wien filter. The “Wien Filter Off” plot is based on data
taken with the channeltron for 10 eV electrons without the Wien filter. The “Wien Filter On”
plot uses 60 eV electron data collected without the Wien filter as its width should approximate
the dispersion time of 10 eV electrons inside the Wien filter.
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[5]. Construction and Initial Testing of Components
While the dispersion compensator has not yet been used to collect data, many pieces of the
design have been constructed and tested. This section will go over the process of constructing and
testing these components of the design which have thus far been completed. First the construction
of the Wien filter, as well as the testing of the Helmholtz coils and their deviation from prediction
via SIMION will be discussed. Next, the process of creating and testing tungsten tips will be
discussed. Finally, a different method of focusing the laser using a 4F optical system will be
explored.
[5.1]. Construction of Wien Filter
The Wien filter was constructed with its design based on the SIMION model. The Wien
filter, shown in figures 3 and 7, is mostly made of polished aluminum. To insulate the various
aluminum pieces carrying different potentials, Ultem spacers were used allowing for the capacitor
plates to carry different potentials while the walls separating the plates remain grounded. The front
plate of the Wien filter is attached to the grounded sides, and also holds the Ultem mount for the
tungsten tip. This mount simultaneously allows for the tip and aperture to be easily aligned, while
also electrically insulating it so the tip voltage can be independently controlled. All of the inner
faces of the aluminum walls making up the Wien filter were polished to a mirror finish to increase
the uniformity of the electric field, as the smooth surface promotes a more even distribution of
charge along the surface. Finally, white Delrin spacers, seen in figure 7, were added before the
Helmholtz coils were wrapped. These spacers allow for the proper Helmholtz coil geometry to be
made, and are simply held in place by the tension in the Helmholtz coils. The entire Wien filter
assembly fits into the aluminum tube, also pictured in figure 7, which is mounted to the vacuum
chamber via a bracket at the end of the Wien filter. This entire assembly sits inside of a larger 4
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in. diameter mu-metal shield which can be seen as the outer cylinder in figure 7. This mu-metal
shielding allows for any external magnetic fields to be almost entirely canceled with the field
strength in the vacuum chamber decreasing from approximately 0.5 gauss to 0.01-0.05 gauss when
the mu-metal shielding was added as measured 6 cm from the edge of the mu-metal shielding.
Fortunately, the main component of this background field points longitudinally along the axis of
the Wien filter, and so has less effect on the electron trajectories due to it being mostly parallel to
the electron velocities. This shielding is important as it not only blocks the Earth’s magnetic field,
but also the magnetic field of the optical table upon which the experiment sits. Because this table
is made of a ferromagnetic material, it has become magnetized over time leading to a fluctuating
field across the table.
[5.2]. Testing of Helmholtz Coil Magnetic Field

Figure 18. Plot of the magnetic field produced by the Helmholtz coils in the mu-metal magnetic
shielding compared with the predicted field in SIMION without shielding. The field in the mumetal was measured every 5 mm along the central axis of the Wien filter using a gaussmeter.
The data points were connected using an interpolation function in MATLAB.
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After the Wien filter was constructed, the Helmholtz coils were tested to compare the
magnetic field to the field predicted by SIMION. Using a Hall effect gaussmeter, the magnetic
field along the axis of the Wien filter was measured. When out of the mu-metal, the magnetic field
was found to closely match the predicted field. A current of 1 A was passed through the coils and
resulted in a 1.4 gauss field once the background field of the Earth and surroundings was accounted
for. This closely matched the modeled field in SIMION which predicted a 1.415 gauss field for a
1.039 A current. The strength of the field along the axis of the Wien filter also matched SIMION’s
predicted field with the intensity increasing from the center with a spike at each end of the
compensator due to the added effects from the ends of each Helmholtz coil.
While the magnetic field outside the mu-metal shielding closely matched the predicted
field, SIMION was unable to predict how the shielding would affect the field’s shape and strength.
When the magnetic field was measured along the axis of the Wien filter in the mu-metal, it no
longer increased at the ends of the compensator, but instead remained more uniform until the edge
of the compensator where it dropped off as shown in figure 18. The field was also approximately
30% stronger for a given current with the 1.4 gauss field being achieved with only 0.7 A of current,
as opposed to the 1 A used outside of the mu-metal shielding. The measured magnetic field inside
of the mu-metal shielding was manually inserted into SIMION to see how it would affect the
trajectories and focusing of the electrons. As shown in figure 19, this new magnetic field had a
moderate impact on the experiment with the trajectories being approximately as straight and the
dispersion time increasing to 2.9 ns compared to the 1.47 ns dispersion time originally predicted.
This new field was possible without the use of compensating coils, as they were originally added
in section [3] to lessen the effect of the spike in the magnetic field at the ends of the compensator,
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and so the disappearance of this field spike allowed for the compensating coils to be removed from
the experimental apparatus without any major effect on the electron trajectories or dispersion.

Figure 19. Electron trajectories within the dispersion compensator using the magnetic field
experimentally measured inside of the mu-metal shielding.
[5.3]. Tungsten Tip Creation and Testing
The tungsten tips used to create the electron beam for this experiment must be made and
tested in order to find functioning tips which are capable of laser induced emission of 10 eV
electrons. The tips capable of emission at these low energies are very delicate, as they are only a
few hundred nanometers across at the end of the tip, and so special care must be made to not
damage the tip in anyway as it is manufactured or placed into the vacuum chamber. In order to
make these tips, tungsten wire is etched with a solution of KOH using the apparatus shown in
figure 20. To produce a tip, a length of tungsten wire is attached into the apparatus and is connected
to a variac. One end of the wire is connected directly to the output of the variac through a resistor
while the other end is suspended though a small hole in the apparatus. When the KOH solution is
sprayed onto this hole, a thin film of the solution forms across the hole via surface tension
completing the circuit and allowing current to flow. The adhesive and cohesive forces of the
solution on itself, as well as between the tungsten and the solution allow the tungsten-solution
boundary to form a shape capable of etching the wire down to a fine point, only a few hundred
nanometers across. As the tungsten is slowly etched, the wire becomes thinner and eventually
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breaks at the point the tip is formed due to it being unable to support its own weight. When this
occurs, the tungsten falls down into the base of the apparatus and the flow of current is halted. The
base of the etching apparatus has a small hole which catches the tungsten tip ensuring that the end
of the tip is untouched. From there the tip is placed onto a pedestal like the one shown in figure 20
where it is affixed using silver paste.
To test the tungsten tips, they are first placed into the vacuum chamber which is then
pumped down until the pressure is in the low 10-6 mmHg range. The tip is then tested for DC
emission using the channeltron in the process described in section [4.3]. If the tip is capable of DC
emitting at a voltage of ~700 V or lower, it is then tested using the laser to see if it is capable of
laser induced emission down to 10 V. This process is perhaps 20% successful with many of the
tips either emitting no electrons or emitting only after a much higher DC voltage is applied.

Figure 20. The etching apparatus used to make tungsten tips. The tungsten wire is suspended
in the channel located in the top, black plastic through the hole in the metal disk with a potential
applied to the wire and disk via the attached wires. When the KOH solution bridges the gap
between the wire and metal disk, etching occurs until the tip eventually breaks under its own
weight falling into a channel in the white, bottom plate. Also pictured is an example tungsten
tip fixed to a pedestal for easy transport and mounting in the experiment.
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[5.4]. The 4F Optical System

Figure 21. The 4F optical system built to study the function of the apparatus. Labeled
components: A) Laser, B) ND Filter, C) Lens 1, D) Lens 2, E) Lens 3, F) 5-micron Aperture,
G) Photodiode.
The last component which has thus far been studied for use in this experiment is the 4F
optical system which is a system of 3 lenses used to focus a laser beam. This 4F optical system
has two possible uses for this experiment. One use is in conjunction with tungsten tips and the
spherical mirror currently used to focus the laser. The 4F system would allow for more control
over the focus distance of the laser allowing for the focus to be placed on the tungsten tip using
less time and with increased accuracy. The second use is to focus the laser onto a back-illuminated
gold plated electron source. This source could be placed directly inside of the Wien filter allowing
for the fringe fields to be bypassed. This back-illuminated electron source is currently reserved as
a contingency plan in case of unforeseen trouble producing usable electrons with a tungsten tip. In
order to study the 4F optical system, the apparatus seen in figure 21 was constructed. The function
of the 4F optical system begins with a collimated laser. Lens 1 and 2 have identical focal distances
and are separated by twice the focal distance allowing for the laser to be focused half-way in
between the lenses and leave lens 2 again as a collimated beam. The beam is then focused again
from lens 3 at the target location. By slightly adjusting the position of lens 2, the focus distance
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after lens 3 can increased or decreased. This function allows for the possibility of controlling the
beam’s focus distance, even when lens 3 is inaccessible, as it would be if placed in the vacuum
chamber for use with the back-illuminated source.
The goal of this 4F system was to measure the beam width at its focus, as well as measuring
the leverage of the system. The leverage is simply the ratio of the distance which the focus moves
along the direction of propagation divided by the distance which lens 2 moves. The focus width
was calculated by translating the 5-micron aperture across the width of the beam and measuring
the intensity using a photodiode. The leverage was measured by translating lens 2 a known distance
in the direction of the laser propagation, and then measuring the distance which the aperture moved
to maximize the intensity of the laser incident on the photodiode.

X Direction

Y Direction

Figure 22. Beam width measurements of the 4F optical system at the beam’s focus. The beam
had a full width half maximum value of 5.4 micron in the x direction and 6.1 micron in the y
direction. A fitting function integrating a Gaussian curve in 5-micron increments was used due
to the beam having a width comparable to the aperture size used for measurements.
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Figure 23. Leverage of 4F optical system. The leverage equal to the slope of the line of best fit
was -0.098, meaning the focus moved approximately 1 mm for every 10 mm lens 2 was
displaced.
Figures 22 and 23 show the results of these experiments with the beam full width half
maximum being approximately 5.4 micron in the x direction and 6.1 micron in the y direction.
This width was calculated using a fitting function which integrates a gaussian curve in 5-micron
increments. This was necessary as the aperture size is on the same order as the beam width,
meaning each data point contains the intensity of a significant proportion of the total beam
intensity. The leverage of the beam was found to be -0.098 meaning the focus moved
approximately 1 mm closer to lens 3 for each 10 mm lens 2 moved in the direction of lens 3.
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[6]. Conclusion
So far, this experiment has made a number of strides in the right direction. The dispersion
compensator has been modeled in SIMION which has predicted a decrease in dispersion time for
the electron beam. The Wien filter has been built and its Helmholtz coils tested against the
predicted magnetic field. While the mu-metal shielding did change the magnetic field in an
unexpected manner, SIMION modeling shows the design should still work given the new fields.
The etching of tungsten tips and the testing of the 4F optical system has also provided multiple
options for producing the electron beam needed in this experiment. While this experiment has been
largely successful up to this point, further progress is required to prove the efficacy of the Wien
filter dispersion compensator. The next steps of the experiment are to perfect the method of tip
creation and begin to produce 10 eV electron beams. Once the electron beam can be reliably
produced, the dispersion of the beam with and without the use of the dispersion compensator can
be measured, and will hopefully show the decrease in dispersion time consistent with the
experiment’s prediction.
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